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Introduction
The occurrence and fate of volatile organic compounds (VOCs) in surface and groundwater has been identified as a significant environmental health concern [1, 2] . It would be fair to say that there is full agreement between the scientific community and water authorities to minimise volatile organic compounds, however, the majority of these contaminants in the environment are still poorly understood, and are a topic of growing interest from both research and regulatory perspectives. Reclaimed wastewater, in particular, has some significant benefits, including high reliability of supply, a known quality and frequently, a centralized source near urban demand centres.
In the last decade, nanofiltration (NF) and reverse osmosis (RO) have been proposed as attractive technologies for removal of organic trace contaminants including volatile organic compounds from the aquatic environment instead of conventional wastewater treatment [3] [4] [5] [6] [7] .
It can be recognised that conventional treatment processes, such as chemical precipitation, ion exchange and electrochemical removal, are insufficient to remove and minimize organic contaminants to acceptable regulatory standards. Several previous studies have demonstrated the excellent capability of NF/RO to remove a wide range of volatile organic compounds including trihalomethanes, organochloric compounds, petroleum hydrocarbons and other low molecular weight compounds such as toluene and trichloroethylene [5, 8] . These studies have also revealed a substantial degree of complexity associated with the separation processes involved. As a result, various parameters such as membrane properties, solution chemistry and physicochemical properties of the volatile organic compounds can significantly affect the removal efficiency of these components by NF/RO membranes [5, 8] . Also YangaliQuintanilla et al. [9] reported that the clean NF-90 membrane (virgin) rejected almost all of the hydrophobic neutral compounds (95-98%) mainly because of size exclusion. High rejection was achieved after using the RO stage (>99% for macrolides, pharmaceuticals, cholesterol and disinfection byproducts, 95% for diclofenac, and >93% removal of sulphonamides [10] . The removal of triclosan by RO membranes was almost 100% since the molecular width of this compound was greater than the estimated mean effective membrane pore size [11] . Great rejection (90-100%) was achieved after using the RO (virgin XLE) to examine the removal of six pharmaceuticals and personal care products and size exclusion was the dominating mechanism [12] .
A sieving mechanism, integrating molecular width and molecular length as the size parameters, and an interaction component with a logarithmic octanol-water partitioning coefficient (Log Kow) gave the best expectation for the retention of volatile organic compounds by membranes. Solutes with larger widths, larger lengths and higher Log Kow will have higher retentions for most of the membranes used [8] . Thus the separation of volatile organic compounds by NF/RO processes is based predominantly on size exclusion [5] . In the case of charged trace organic compounds, electrostatic interactions between the charged solute and the negatively charged membrane surface can also play a key role [13, 14] . Additionally, it has been demonstrated that hydrophobic compounds can adsorb onto membrane surfaces and subsequently may diffuse through RO and especially NF membranes, resulting in lower rejections than would be expected based only on size exclusion mechanisms. In this case hydrophobicity is considered an important factor affecting rejection [15] .
One of the objectives of this study was to examine the removal of volatile organic compounds by using a NF/RO filtration system. Experiments were conducted at laboratoryscale using commercially available NF/RO membranes, namely NF-90 and ESPA2. Sixteen volatile organic compounds with molecular weights between 78.11 g/mol (benzene) and 260.76 g/mol (hexachlorobutadiene) were used as model organic contaminants due to their widespread occurrence in groundwater. Removal efficiency by NF/RO filtration was linked to the physicochemical properties of these compounds to focus on the ability and effectiveness of this kind of treatment. Substantial characterisation work has been conducted to investigate the NF/RO membranes.
Study area
In this study contaminated groundwater samples have been collected from Botany Bay. In the Botany area samples have been collected from two contaminated sites, namely EWB10D and EWB13D. Fig. 1 illustrates samples sites in the Sydney (Botany Bay) region. 
Materials and methods

Laboratory-scale NF/RO filtration system
A laboratory-scale, cross-flow membrane filtration system with a stainless steel cross-flow cell was constructed for this study (Fig. 2) . The cell had an effective membrane area of 40 cm 2 (4 cm x 10 cm) and a channel height of 2 mm. The system was equipped with a HydraCell pump (Wanner Engineering Inc., Minneapolis, MN). The temperature of the test solution was kept stable using a Neslab RTE 7 chiller/heater equipped with a stainless steel heat exchanger coil that was submerged directly into a stainless steel reservoir. The permeate flow was measured by a digital flow meter (Optiflow 1000, Agilent Technologies, Palo Alto, CA)
connected to a personal computer, and the cross-flow rate was monitored using a rotameter.
Botany Bay
NF/RO membranes
A NF membrane (namely NF-90) and a RO membrane (namely ESPA2) were used in this project. NF-90 was obtained from Dow Film Tec (Minneapolis, MN, USA) whereas the ESPA2 was obtained from Nitto Denko (Oceanside, CA, USA). These membranes were received as flat sheet samples and stored dry. All membranes used in this study are made of a thin aromatic (or semiaromatic) polyamide active layer and thicker more porous supporting layer. Physicochemical characteristics of these membranes are illustrated in Table 1 . Based on their estimated pore size, the NF-90 membrane could be classified as a tight nanofiltration membrane whereas ESPA2 can be assumed to have no obviously defined pore structure. 
NF/RO membrane characterisation
The surface streaming potential of the membrane was measured using a SurPASS The surface topography for NF/RO membranes was investigated by means of atomic force microscopy (AFM). On the other hand, the surface morphology and distribution of organic compounds deposited on the membrane surface were examined using field-emission scanning electron microscopy (SEM) on a JEOL JSM-7500FA -(BRUKER-QUANTAX 400), with additional semi-quantitative energy dispersive spectrometer (EDS) analysis.
Model organic contaminants
Sixteen compounds were used in this study to represent the major organic groups considered contaminants in groundwater samples -namely volatile organic compounds (e.g. dichloromethane, trichloroethylene, tetrachloroethylene, toluene and benzene). The analysis of these compounds was also based on their widespread occurrence in groundwater and their diverse physicochemical properties (e.g. hydrophobicity and molecular size). Key physicochemical properties of these organic contaminants are shown in ( 
Volatile organic compounds analysis
All samples collected before and after using the NF/RO filtration system were analysed at ORICA Botany Environmental Laboratories. VOCs were analysed using a Shimadzu purge [18] . This method has an inert gas bubbled through a portion of the aqueous sample at room temperature, and the volatile components are efficiently conveyed from the aqueous phase to the vapor phase. In the subsequent step, the vapor is swept through a sorbent column where the volatile components are adsorbed. After purging is finished, the sorbent column is heated and back flushed with inert gas to desorb the components onto a gas chromatographic column [17] .
Analysis of basic water parameters
The temperature, turbidity, dissolved oxygen (DO), electrical conductivity (EC), total dissolved solids (TDS), salinity, density, (SG) and redox (water quality parameters) were measured using Water Quality Analyser-MODEL 516 during sampling (see Table 3 and Table 4 ). On the other hand, the temperature, conductivity and pH were measured using an Orion 4-Star Plus pH/conductivity meter in all experiments. The measurements were applied at 0 time, one hour and at 8 hours for each experiment. 
NF/RO filtration protocol
Prior to each pressure driven filtration experiment, the membrane was compacted using Milli- where C p and C f are the permeate and the feed concentrations, respectively.
Results and discussion
SEM-EDS and AFM analysis
The AFM images of the ESPA2 and NF-90 membranes are described in Fig. 3 and 4, reveal different extents and occurrences of surface roughness. Surface topography of ESPA2, as seen in Fig. 3 , shows a typical nodular (hills and valleys) morphology. This characteristic includes most RO membranes as reported in other studies ( [19, 20] . The same applies to the NF-90 membranes used in this study (Fig. 4) with the hill to hill distance being much smaller, which associates completely with the much lower thickness of the active layer (15-40 nm for NF compared to 200-300 nm for RO). This morphology seems to be affected by means of the underlying supporting layer, and could be viewed as a fingerprint of the thin-film composite (TFC) polyamide (PA) membrane ( [20] . Since these "valleys" are likely to be of irregular shape, such as the surface topography of the NF-90 membrane (Fig. 4) , a lodged particle may not fully "plug" the "pore-like" valley; however it may considerably restrict flow through the opening. Thus, the valleys quickly become "clogged," resulting in remarkable loss of permeate flux. In the case of the ESPA2 membrane (Fig. 3) , the "valleys" are likely to have a slightly more regular shape and there will be less "valley clogging." Even though the same number of particles are placed on the membrane, they would likely be more equally spaced leading to less overall flux decline (or fouling; [19] . Comparison among the surface of virgin and fouled membrane samples is demonstrated in Fig. 5 and 6 . SEM images clearly display the remarkable differences between the surface morphologies of the two membrane samples. While the foulant layer on the fouled membrane surfaces consisted of particulate matter embedded in an apparently amorphous matrix (Fig. 5B, 5C , 6B and 6C), the virgin membrane appeared clean with a quite smooth surface ( Fig. 5A and 6A ). Due to the roughness of NF and RO membranes, the colloids are located mainly in the valleys on the surface after filtration; i.e. "valley clogging" has taken place ( [19, 21] . Nevertheless, the colloids are distributed over the entire membrane surface and formed a dense and uniform cake layer on the membrane surface due to hydrophobic interactions between the foulants and membrane surfaces ( [22, 23] . Distribution of elements deposited on the membrane surface which formed the fouling layer was obtained from SEM with additional semi-quantitative energy dispersive spectrometer (EDS) analysis. It was noticed that carbon, oxygen and sulphur were detected in all samples including the virgin membrane because they were parts of the membrane polymeric composition. Noteworthy, platinum existed in all samples, including the virgin membrane as a result of membrane coating. Specifically, a sulphur peak was observed with wastewater samples which were collected from both EWB10D and EWB13D at Southlands-Botany Bay indicating the participation of sulphate scale in fouling (see Fig. 7B , 7C, 8B and 8C). Small aluminium peaks were noticed on fouled ESPA2 and NF-90 membrane surfaces (Fig. 7C, 8B and 8C) and silicon as well (Fig. 8B) indicating their high scaling tendency even when present in a small amounts. Furthermore, a small level of sodium was found in the alginate fouling layer (Fig. 7B and 8B ) as well as chlorine (Fig. 8B) . The reasons for the deposition of foulants (Si, Al, Na and Cl) on the membranes are caused by the increase in membrane selectivity due to biofouling ( [24] . 
Removal of volatile organic compounds by the NF/RO system
To investigate the ability of the NF/RO membranes to remove volatile organic compounds from contaminated groundwater, several experiments were conducted for samples collected from EWB10D and EWB13D at Southlands-Botany Bay.
EWB10D at Southlands-Botany Bay
An overall comparison of NF-90 and ESPA2 membrane performances in terms of removal efficiency is presented in Table 5 and Fig. 9 . The results in Table 5 and Fig. 9 exhibited that the performance of the NF-90 and ESPA2 membranes after one hour was better than after 8
hours. Moreover, it was observed that the ESPA2 membrane has a higher ability than the NF-90 membrane for rejecting volatile organic compounds. Additionally, it was notable that the performance of the NF-90 and ESPA2 membranes in rejecting hydrophilic compounds [(Log D >2.5), carbon tetrachloride, trichloroethylene and tetrachloroethylene] was higher than that for its hydrophobic compounds rejection [(Log D <2.5), other volatile organic compounds which are demonstrated in Table 2 ]. As stated by Nghiem et al. [15] the removal of some hydrophobic compounds can be actually lower than that expected based only on a steric hindrance transport model. It can be elucidated that hydrophobic compounds can adsorb to NF/RO membranes and then diffuse through the dense polymeric matrix, resulting in significant transport of these compounds across the ultra-thin active skin layer. On the other hand, because hydrophilic compounds do not absorb to the membrane polymeric matrix, hydrophilic volatile organic compounds can be effectively rejected by NF/RO membranes using steric hindrance or size exclusion mechanisms. These results also support the findings which are reported in other previous studies [5] .
It is noteworthy that the highest rejection achieved by NF-90 and ESPA2 for tetrachloroethylene reached 98.4 % for NF-90 and 100 % for ESPA2 while the lowest rejection achieved by NF-90 and ESPA2 was for dichloromethane and amounted to 27.6 % and 43.4 %, respectively. According to Wells [25] tetrachloroethylene has the highest Log D of the model foulants (3.07) and therefore it is considered to be a hydrophilic compound and it can be effectively rejected by NF/RO membranes using steric hindrance or size exclusion mechanisms, whereas dichloromethane has the lowest Log D of the model foulants (1.40) and it is classified hydrophobic compound and it can adsorb to NF/RO membranes and then diffuse through the dense polymeric matrix, resulting in the lower removal for this compound compared to tetrachloroethylene [15] .
Complete rejection of carbon tetrachloride, trichloroethylene, tetrachloroethylene and 1,1,2,2-tetrachloroethane by ESPA2 could be attributed to the sieving (or size exclusion) as result of the molecular weights of these compounds, (which are 153.82 g/mol, 131.39 g/mol, 165.83 g/mol and 167.85 g/mol respectively) higher than the molecular weight cut-off (MWCO) for NF-90 and ESPA (~100 Da). In other words, the sieving of large molecules (carbon tetrachloride, trichloroethylene, tetrachloroethylene and 1,1,2,2-tetrachloroethane) occurs because of the small size of the membrane pores and this phenomenon is named a stearic hindrance effect that operates principally for neutral solutes [5, 26] . 
EWB13D at Southlands-Botany Bay
The removal efficiency for both NF-90 and ESPA2 are reported in Table 6 and Fig. 10 . Only 11 volatile organic compounds were detected at this site, whereas in EWB10D site, 16 volatile organic compounds were detected. The findings shown in Table 6 and Fig. 10 confirm the results concluded above for EWB10D (part 3.2.1); however there are some differences between them based on the difference in concentrations of model foulants at this site compared to the previous site (EWB10D). In fact, the concentration of VOCs in EWB13D was much higher than in EWB10D as shown in Table 6 and hence the deposition rate of contaminants (colloids and particles which existed in the groundwater) on membrane layer was higher. This explains why the rejection of VOCs in EWB13D (Table 6 ) was lower than EWB10D (Table 5 ). This interpretation can be confirmed with AFM images of NF-90 and ESPA2 (Fig. 3 and Fig. 4) , shows a typical nodular (hills and valleys) morphology and this contributes significantly to the accumulation of contaminants over the entire membrane surface. Table 6 and Fig. 10 display that the performance of the NF-90 and ESPA2 membranes after one hour was better than after 8 hours. Furthermore, it was observed that the ESPA2 membrane has a higher ability than the NF-90 membrane for rejecting volatile organic compounds. Moreover, it was noteworthy that the performance of the NF-90 and ESPA2 membranes in rejecting hydrophilic compounds [(Log D >2.5), trichloroethylene and tetrachloroethylene] was higher than that of its hydrophobic compounds rejection [(Log D <2.5), other VOCs which are shown in Table 4 ]. The reason for this phenomenon has been explained above in part 3.2.1 for the reasons given by Nghiem et al. [15] .
It is remarkable that the highest rejection achieved by NF-90 and ESPA2 for tetrachloroethylene and has reached 95.7 % for NF-90 and 96.2 % for ESPA2 while the lowest rejection achieved by NF-90 and ESPA2 was for 1,1-dichloroethane and has amounted of 41.2 % and 44.4 %, respectively. According to Wells [25] the Log D of tetrachloroethylene is 3.07 and therefore it is considered to be a hydrophilic compound and it can be successfully rejected by NF/RO membranes using steric hindrance or size exclusion mechanisms, whereas the Log D of 1,1-dichloroethane is 2.05 and thus it is classified as a hydrophobic compound and it can adsorb onto NF/RO membranes and then diffuse through the dense polymeric matrix, resulting in the lower removal for this compound compared to tetrachloroethylene (cf. [15] ). Table 6 : Overall removal efficiency of the volatile organic compounds which were detected in EWB13D at Southlands-Botany Bay. 
Performance of the NF/RO membranes
To examine performance of the NF/RO membranes regarding rejecting volatile organic compounds, it is essential to study the membrane permeate flux as a function of filtration time for samples that were collected from different sites (EW10D and EW13D at SouthlandsBotany Bay). Fig. 11 shows the evolution of the membrane permeate flux as a function of filtration time.
EWB10D at Southlands-Botany Bay
Significant permeate flux decline could be observed with the NF-90 membrane exhibiting a permeate flux decline of 34.2 % over 8 hours. In contrast, indiscernible flux decline could be observed with the ESPA2 membrane that only exhibited a permeate flux decline of 1.7 % over 8 hours (Fig. 11) ; this can be attributed to membrane surface roughness. Indeed, there is a correlation between fouling tendency and the membrane surface roughness and this totally agrees with previous studies (e.g. [19, 23, 27] ). As presented (Table 1 ) the NF-90 has a significant surface roughness of 63.9 nm whereas the ESPA2 has a slightly smoother membrane surface with a corresponding surface roughness (30.0 nm). The rougher surface of NF-90 membrane induces a higher adsorption of VOCs and consequently covering and clogging the membrane mainly in the valleys on the surface after filtration; i.e. "valley clogging" has taken place. In particular, hydrophobic VOCs were readily adsorbed onto the fouled membrane and diffuse to the permeate side (see part 3.1). In fact, the ESPA2 did not show any measurable flux decline over roughly 8 hours of filtration time. On the other hand, there was a noticeable permeate flux decline by the NF-90 membrane and this is consistent with several previous studies (e.g. [16] ). Clogging of membrane pores by organic molecules principally accounts for the flux decline observed in the fouled membranes. A reasonable explanation is that the membrane pores became narrower due to organic molecules being adsorbed onto the membrane polymer, especially chlorinated hydrocarbons in the contaminated water samples. Consequently, the smaller pore sizes of contaminated membranes would theoretically permit only molecules smaller than them to pass [5] . This would suggest that the membrane should become more effective at rejecting large contaminants as it becomes contaminated however this negatively affected the flux performance for the membrane.
Concentration polarization could play a significant role in reducing the rejection of VOCs and eventually affecting performance of membrane. It can explain that, the high rejection of certain VOCs lead to increase of VOCs at the membrane surface. Additionally, the existence of contaminants (colloidal partials) in the groundwater resulted in deposition of these contaminants over the entire membrane surface and formed a dense and uniform cake layer on the membrane surface due to hydrophobic interactions between the foulants and membrane surfaces. Thus, it can be concluded that both these situations will lead to concentration polarization effect affect critically the membrane performance. The same pattern was observed in performance of the NF/RO membranes when they were used to examine the rejection of volatile organic compounds for samples were collected from EWB13D. As seen in Fig. 12 , a noteworthy permeate flux decline was observed with the NF-90 membrane due to fouling and it exhibited a permeate flux decline of 49.2 % over 8 hours.
EWB13D at Southlands-Botany Bay
In contrast, a slight flux decline could be observed with the ESPA2 membrane and it displayed a permeate flux decline of only 15.5 % over 8 hours which can be attributed to the surface roughness of the membrane. Obviously as reported in many studies, there is a strong relationship between fouling tendency and the membrane surface roughness (e.g. [19, 23, 27] ). The NF-90 membrane has a significant surface roughness 63.9 nm whereas the ESPA2 membrane has slight smoother membrane surface with the corresponding surface roughness 30.0 nm as shown in Table 1 . Therefore the ESPA2 membrane exhibited a slight flux decline over 8 hours of filtration time. The rougher surface of NF-90 membrane encourages a higher adsorption of VOCs and thus covering and clogging the membrane principally in the valleys on the surface after filtration; i.e. "valley clogging" has taken place. Especially, hydrophobic VOCs were readily adsorbed onto the fouled membrane and diffuse to the permeate side (see part 3.1). Another explanation for flux decline using the NF-90 membrane is due to physicochemical properties of the membrane, particularly pore size. Membranes having a larger pore size (e.g. NF-90) could be more affected with fouling compared to membranes having smaller pore size (e.g. ESPA2 which is classified as nonporous [28] . This study revealed that permeate flux decline due to membrane fouling would be more severe with membranes having a larger pore size.
Concentration polarization could play a crucial role in decreasing the rejection of VOCs and eventually affecting performance of membrane. It can elucidate that, the high rejection of certain VOCs result in increase of VOCs at the membrane surface. Furthermore, the existence of contaminants (colloidal partials) in the groundwater lead to deposition of these contaminants over the entire membrane surface and formed a dense and uniform cake layer on the membrane surface as a result of hydrophobic interactions between the foulants and membrane surfaces. Accordingly, it can be concluded that both these scenarios will lead to concentration polarization effect affect critically the membrane performance. 
Conclusion
Results reported in this study indicate that NF/RO membrane filtration can achieve enhanced removal efficiency over the wide range of volatile organic compounds which were detected in groundwater collected from EW10D and EW13D, respectively. Findings of this study revealed that the performance of the NF-90 and ESPA2 membranes after one hour was better than after 8 hours when using these membranes for the removal of volatile organic compounds at the two sites (EW10D and EW13D). Furthermore, this study revealed that the performance of NF and RO membranes in rejecting hydrophilic volatile organic compounds was higher than that for hydrophobic compounds and the highest rejection achieved by NF and RO membranes amounted 98.4 % and 100 %, respectively. Hydrophilic compounds can be effectively rejected by NF/RO membranes using the size exclusion mechanism (steric hindrance), whereas hydrophobic compounds can be adsorbed into NF/RO membranes and then diffuse through the dense polymeric matrix, resulting in the lower removal for these compounds compared to hydrophilic compounds. Also findings of this study indicate that membrane fouling significantly affects the rejection of volatile organic compounds by NF-90 membranes, however is less significant for thin film composite ESPA2 membrane. Flux decline through the NF-90 and ESPA2 membranes in this study could be attributed to physicochemical properties of the membranes in particular surface roughness and pore size.
